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Abstract 
In this work, a non-intrusive pressure reconstruction method based on particle image velocimetry (PIV) is utilized to 
investigate hydroelastic phenomena associated with the water entry of flexible structures. Experiments are 
conducted on flexible cantilevered wedges entering the water in free fall. PIV is leveraged to evaluate the effect of 
the mutual interaction between the fluid flow and structural deformation on the distributed hydrodynamic loading. 
The wedge compliance is found to strongly influence the hydrodynamic loading, resulting into marked oscillations 
in the distribution and evolution of the pressure on the wetted surface of the impacting body. 
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1. Introduction 
Investigating the role of structural flexibility in water entry problems is a challenging task [1-3]. The mutual 
interaction between the fluid flow and the structural deformation introduces so-called hydroelastic effects [1,2]. 
Despite vast analytical [4-8] and numerical [9,10] studies on hydroelasticity, experimental validations of such 
theoretical predictions are scarce [11-13]. Specifically, water entry problems are experimentally investigated using 
pressure gauges [13-14]. However, such devices offer only punctual estimations of the hydrodynamic load and are 
 
 
 
 
* Corresponding author. Tel.: +1- 718-260-3681; fax: 1-718-260-3532. 
E-mail address: mporfiri@nyu.edu  
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of DRaF2014
181 Riccardo Panciroli and Maurizio Porfi ri /  Procedia Engineering  88 ( 2014 )  180 – 185 
 
difficult to integrate in compliant bodies. Recently, an alternative approach based on Particle Image Velocimetry 
(PIV) [15] has been employed for estimating the pressure field [16-18] in water entry problems [19,20]. Here, we 
utilize the approach proposed in [19] to experimentally investigate the role of structural deformations on the 
hydrodynamic loading experienced by flexible panels during water entry. 
2. Materials and methods  
Experiments are conducted on the water impact of a compliant wedge from a height of 50 cm. The falling body is 
comprised of a sledge connected to an aluminum panel 260 mm long, 180 mm wide, and 0.5 mm thick. The panel is 
bent at its mid-span to assume a deadrise angle of 22º and is attached to the falling sledge into a cantilevered 
configuration. The mass per unit depth of the falling body is 1.90 kg/m. Different from [19], we utilize two high-
speed cameras that capture contiguous regions of fluid at 4000 frames per second. This allows for a total image 
resolution of 1334×544 pixels, Due to the symmetry of the problem [19], the cameras acquire only half of the 
domain. Experiments are repeated three times in two different illumination conditions, designed to perform select 
high-speed imaging. In the first condition, natural illumination is used to measure the motion of the wedge keel and 
panel's tip. Representative images of the test in natural illumination are presented in Fig. 1.  
 
 
Fig. 1. High-speed images of the flexible wedge while impacting from an impact height of 50 cm and deforming during the water entry. Images 
evolve top to bottom, left to right, and correspond to time intervals of 2.5 ms. 
The wedge's tip acceleration is evaluated by fitting the data with a polynomial of grade eight and then 
differentiating the tip’s displacement tracked through the commercial software ProAnalyst (www.xcitex.com). The 
displacement is averaged from the three trials. In the second set of experiments, a laser sheet is utilized to illuminate 
the wedge at its mid-span, where three-dimensional effects are negligible, for PIV measurements. The laser sheet 
illuminates the water pile-up that is generated during the impact, as the water is pushed sideways by the falling 
body. Detailed knowledge of the pile-up region is of extreme interest since the maximum fluid velocity is attained 
therein. The velocity fields obtained through PIV, which appear as uniformly spaced grids of vectors, are later used 
to compute the pressure field by solving the incompressible Navier-Stokes equations in the fluid domain following 
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the pressure integration scheme proposed in [19]. We comment that fluid viscosity is included in the pressure 
reconstruction algorithm; however, its effect is negligible for the range of velocities considered in this study [19]. 
Fig. 2 shows a typical resolved PIV image with the moving masking that is adopted to exclude the portion of the 
image covered by the wedge and located above the free surface from the computation. Fig. 2 also highlights the 
fluid regions in the proximity of the wedge keel, where the fluid velocity is purely vertical at the symmetry plane, 
and in the pile-up region, where the maximum velocity is attained. 
 
wedge
free surface
moving masking applied to the non-fluid portion of the image
(b)
(a)
(a)
(b)
 
Fig. 2. Resolved PIV image with overlaid velocity vectors with details of the velocity field at the keel (a) and in the pile-up region (b). 
3. Results  
Our results show that the wedge deforms under the effects of hydrodynamic and inertial loading. We specifically 
find that the inertia dominates the deformation at the onset of the impact, whereby the panel's tip initially deforms 
downward with a peak deformation that increases with the entry velocity. As the hydrodynamic loading spreads 
over a larger portion of the wedge surface, the panel’s tip deforms upward. Fig. 1 shows a series of high-speed 
images of the drop test experiment. Similar to [21], the deformation at the onset of the impact follows the second 
structural mode shape. Such behavior is superimposed to marked high frequency oscillations, which are associated 
with structural vibrations. Fig. 3(a) shows the panel's tip deformation for the three repetitions of the impact, where 
positive values refer to downward deformation. 
The hydrodynamic force per unit depth of the wedge, reported in Fig. 3(b), is estimated from PIV measurements 
through trapezoidal integration of the pressure reconstructed over the wetted surface. The time trace of the total 
impact force is found to ultimately attain negative values; such a behavior is never found during the water entry of 
rigid bodies [22]. This type of condition is representative of a wedge being sucked in by the fluid. Interesting results 
are obtained when comparing the total force acting on the wedge and the acceleration at the keel. As displayed in 
Fig. 3(b), at the beginning of the impact, when the hydrodynamic loading is concentrated in the proximity of the 
keel, the total force on the wedge and the acceleration at the keel follow the same curve. In the later stage of the 
impact, when the hydrodynamic loading is spread on a wider surface of the wedge, marked oscillations are observed 
in the total hydrodynamic force. 
The structural vibration also significantly affects the profile of the hydrodynamic loading, see Fig. 4. Therein, the 
normalized hydrodynamic pressure in the whole fluid domain is presented at characteristic impact times. Different 
from the water entry of rigid bodies [13,22], we find that the minimum pressure is not always located at the keel, 
and the normalized maximum pressure is neither constant nor constantly located at the same normalized position. 
Instead, the locations of the minimum and maximum pressure on the wet surface of the wedge are modulated by the 
flexibility of the structure. 
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Fig. 3. Time traces of the tip deflection for the three repetitions (a), and reconstructed impact force per unit depth for three repetitions of the 
impact (solid lines) and mean keel inertia (dashed line) (b). 
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Fig. 4. Hydrodynamic pressure distribution in the whole fluid domain at several time instants t, normalized as 2p/(v2ρ), where v is the wedge’s tip 
instantaneous velocity and ρ =1000 kg/m3 is the assumed density of the water.  
In agreement with Fig. 3(b), results presented in Fig. 4 show that at 15 and 25 ms from the impact, the majority 
of the wetted length of the wedge is experiencing a negative pressure and the overall hydrodynamic loading is 
consequently negative. An interesting insight can be obtained from Fig. 5, where we display the evolution of the 
location of the minimum and the maximum pressure. Between 16 and 18 ms from the impact, the locations of the 
maximum and minimum pressure switch their position, being the maximum closer to the wedge keel and the 
minumum closer to the water pile-up.  
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Fig. 5. Location of the maximum (dashed lines) and minimum (solid lines) pressure in time for the three repetitions of the impact (a), and  
distributed normalized pressure field after 17.5 ms of impact (b). 
Conclusions 
We studied the influence of structural deformations on the hydrodynamic load experienced by a compliant 
wedge during water entry. The study leveraged an indirect pressure reconstruction methodology based on PIV. 
Results indicate that the mutual interaction between the structural deformation and the fluid motion influences the 
overall hydrodynamic load. Further, the total hydrodynamic load displays marked oscillations that can eventually 
lead to an overall negative force on the wedge. We demonstrated that structural deformation plays an important role 
on the distributed load. Namely, the shape of the distributed load is found to vary in time: not only are the maximum 
and minimum pressure attained in different locations from those typical of rigid bodies (that is, pile-up region and 
wedge keel, respectively), but also they can switch their position, with the minimum pressure being located closer to 
the pile-up region.  
The indirect pressure reconstruction methodology was shown to be a powerful tool for the analysis of water entry 
problems involving flexible structures. Indeed, it affords for the collection of both qualitative and quantitative 
information on the flow field and the fluid pressure. In particular, the capability of this methodology to provide data 
over extended regions rather than at selected locations represents a significant step toward an accurate experimental 
characterization of hydroelastic phenomena. We anticipate the use of a similar approach for the evaluation of air 
trapping and for the assessment of cavitation phenomena in water entry problems.  
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